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Extensive restriction-fragment-length polymorphism was revealed in Escherichia coli strains by using a
region of the bacteriophage M13 genome as a DNA hybridization probe. This variation was observed across
natural strains, in clinical samples, and to a lesser extent in laboratory strains. The sequence in M13 which
revealed this fingerprint pattern was a region of the gene III coat protein, which contains two clusters of a
15-base-pair repeat. Oligonucleotides made to a consensus of these repeats also revealed the fingerprint profile.
While this consensus sequence has significant homology to the lambda chi site sequence, an oligonucleotide
made of the chi sequence did not reveal polymorphic fingerprint patterns in E. coli. The strain variation
revealed by the M13 and M13-derived oligonucleotide probes will be useful for bacterial characterization and
should find use in studies of bacterial evolution and population dynamics. The findings raise questions about
what these repeated sequences are and why they are so variable.

Knowledge about genetic variation within a bacterial
species is useful for identifying and typing pathogenic strains
as well as for examining evolutionary divergence and popu-
lation dynamics. Various methods exist for observing ge-
netic variation in bacterial strains, including those used to
determine enzyme profiles, differences in metabolic path-
ways, and drug resistance phenotypes (7). However, it is
often desirable to subtype even more precisely than these
methods allow. At the extreme, DNA sequence analysis can
reveal changes in a single base pair; however, sequence
analysis is laborious and requires knowledge of the exact
sequence within which such differences have occurred.

Recently, the application of DNA hybridization probes to
moderately repeated hypervariable minisatellite sequences
in humans and other eucaryotes allowed researchers to
genetically fingerprint an organism (5, 16). This approach has
the precision required for paternity testing (8) and forensics
(3) as well as for providing useful genetic information for the
construction of genetic maps involving large pedigrees (17).
Such minisatellite probes have been obtained serendipi-
tously by a number of laboratories, usually in the course of
investigating tandemly repeated sequences observed in
cloned DNA fragments (5, 10, 16). In the genomes of humans
and other eucaryotes such tandem repeats are found in
multiple copies, often exhibit length variation in a given
population, and have been shown to be inherited in a
Mendelian manner (4). Some researchers have hypothesized
that these sequences could be sites for recombination, which
would account for both their abundance and their variability
(5).

While cloning a specific human sequence related to a
minisatellite probe derived from the genome of bacterio-
phage M13, we observed related sequences in Escherichia
coli. Examination of a number of strains of E. coli, including
laboratory strains, clinical isolates, and strains from natural
populations, revealed the presence of these sequences in all
strains examined and showed that they were highly variable
among strains. This probe should prove useful for typing
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strain differences and for quantifying evolutionary diver-
gence. Further study of these sequences should reveal many
biological features accounting for their ubiquitous nature,
variability, and function in E. coli.

MATERIALS AND METHODS

Bacterial strains. The eight laboratory strains of E. coli
(LE392, BB4, DP50, NM538, XL1, HB101, JM103, and
NM539) were in use in our laboratory at the time for cloning
purposes or were obtained from other laboratories. The 72
natural strains were obtained from Ochman (11). All strains
were grown on YT medium (8 g of tryptone, 5 g of NaCl, and
5 g of yeast extract per liter) at 37°C. DNA from the clinical
isolates was kindly provided by Jeff Lawrence of Washing-
ton University, St. Louis, Missouri.
DNA isolation. Fifteen milliliters of a culture grown to

confluence overnight was centrifuged at 3,000 rpm for 20 min
in a Sorvall HS4 rotor. The bacterial pellet was suspended in
10 ml of 10 mM Tris base-I mM EDTA (pH 7.5) and
incubated with lysozyme for 10 min at 4°C to a final
concentration of 4 mg/ml. Four milliliters of 0.5 M EDTA
was added, and incubation was continued at 4°C for an
additional 20 min. Proteinase K was added to a final concen-
tration of 0.2 mg/ml, sodium dodecyl sulfate was added to a
final concentration of 0.5%, and the solution was incubated
overnight at 55°C with shaking. The lysate was extracted
with an equal volume of phenol and then with an equal
volume of chloroform and dialyzed overnight against 10 mM
Tris base-I mM EDTA (pH 7.5) at 4°C. The DNA was
precipitated by adding 1/10 volume of 3 M sodium acetate
and 2 volumes of ethanol, incubated at -20°C overnight,
centrifuged at 4,000 x g for 20 min, and suspended in 10 ml
of 10 mM Tris base-1 mM EDTA (pH 7.5). The DNA was
incubated at 37°C for 2 h with RNase at a concentration of 1
mg/ml, followed by the addition of sodium dodecyl sulfate to
0.5% and 1 mg of proteinase K. This was incubated over-
night at 55°C with shaking. The DNA was extracted with an
equal volume of phenol and then with an equal volume of
chloroform and dialyzed overnight against 10 mM Tris
base-1 mM EDTA (pH 7.5) at 4°C.
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Southern hybridization. DNA (15 ,ug) was incubated over-
night with three times the units of restriction enzyme rec-
ommended by the manufacturer for complete digestion.
Then a second portion of three times the required enzyme
units was incubated for an additional 5 h to ensure complete
digestion. Restriction enzymes were purchased from New
England BioLabs, Inc., Beverly, Mass. Digested DNA was
electrophoresed in 0.8% agarose at 2 V/cm for 18 h, and
DNA fragments were transferred to nitrocellulose by the
sandwich blot method of Southern (14).

Filters were hybridized with DNA probes prepared as
follows. The + strand of M13 (obtained from Bethesda
Research Laboratories, Inc., Gaithersburg, Md.) was la-
beled by the random priming method of Feinberg and
Vogelstein (2) using the Amersham Multiprime labeling
system (Amersham Corp., Arlington Heights, Ill.). Oligonu-
cleotides were purchased from Synthetic Genetics, San
Diego, Calif., and were constructed with the 6-base recog-
nition sequence of BamHI at the 3' termini. The oligonucle-
otides were labeled by using BamHI linkers (purchased from
New England BioLabs) as the initiation primers in the
Klenow-mediated extension reaction. All probes were la-
beled to a specific activity of 108 cpm/mg with [ct-32P]dCTP
purchased from Amersham. The concentration of probe
DNA in the hybridization mixture was 10 ng/ml.
The hybridization mixture consisted of 20% formamide,

0.1% sodium dodecyl sulfate, Sx SSPE (from 20x stock;
20x SSPE is 7.4 g of disodium EDTA, 6.4 g of NaOH, 24 g
of NaH2PO4, and 210 g of NaCl per liter), Sx Denhardt
solution (from 100x stock; 100x Denhardt solution is 20 g of
Ficoll, 20 g of polyvinylpyrrolidone, and 20 g of bovine
serum albumin per liter), and 0.5% powdered milk. This
preparation was also used for prehybridization. Prehybrid-
ization was done at 42°C for 24 h; hybridization was also
done at 42°C for 24 h but with agitation. Filters were rinsed
in 2x SSPE-0.1% sodium dodecyl sulfate for 15 min at room
temperature and exposed overnight at -70°C with an inten-
sifying screen.

RESULTS

Hybridization of M13 and an M13-derived oligonucleotide
to laboratory E. coli strains. This study was begun during
initial attempts to clone an M13-related sequence from the
human genome. It has been observed that DNA probes
derived from the regions ofM13 from bases 1833 to 1894 and
from bases 2283 to 2401 detect hypervariable minisatellite
sequences in humans and other eucaryotes (16). These
regions are part of the M13 gene III coat protein and contain
4 and 9 copies, respectively, of a 15-base-pair repeat. During
our initial screening of a human genomic lambda library
propagated on E. coli strain LE392, extremely high back-
ground from the host strain led us to determine whether this
strain had sequences related to the repeat sequence from
M13. We examined seven additional common laboratory
strains: BB4, DP50, NM538, XL1, HB101, JM103, and
NM539. Figure 1A shows the results obtained when probing
PstI-digested genomic DNA from these strains with the
30-base oligonucleotide (GAGGGTGGCGGTTCT)2, con-
taining two copies of a consensus sequence of the M13
repeat. All eight strains had multiple copies of a sequence
related to the 15-base-pair M13 consensus sequence; how-
ever, there were few differences in the hybridization patterns
among the strains. The same PstI-digested DNA, when
hybridized to the entire radiolabeled M13 molecule, showed
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FIG. 1. Hybridization of the 15-base-pair oligonucleotide (A) and
the entire M13 molecule (B) to 15 mg of PstI-digested DNA obtained
from eight laboratory strains of E. coli. The strains used were BB4
(lanes a), DP50 (lanes b), HB101 (lanes c), JM103 (lanes d), LE392
(lanes e), NM538 (lanes f), NM539 (lanes g), and XL1 (lanes h). kb,
Kilobases.

multiple copies related to sequences in M13 but exhibited
slightly more variability than the oligonucleotide pattern
(Fig. 1B). This difference is probably the result of hybridiza-
tion by variants of the consensus sequence which are present
when labeling the entire repeated region, as opposed to the
homogeneous sequence of the oligonucleotide. It should be
noted that the pattern obtained with radiolabeled probe
made from the oligonucleotide had a slightly greater repre-
sentation of fragments in the 1- to 3-kilobase range, while the
entire M13 molecule as a probe revealed more fragments
between 3 and 15 kilobases (Fig. 1). This is probably due to
the limited probe length (30 base pairs) that can be generated
by the oligonucleotide.
To verify that the repeat-containing portion of the M13

molecule is responsible for the fingerprint pattern, M13
replicative-form DNA was digested with HaeIII, and various
fragments were gel purified, radiolabeled, and used as hy-
bridization probes on replicate blots of PstI-digested E. coli
DNA. Only the HaeIII fragments derived from the region
between bases 1396 to 2554, which contains the two blocks
of repeats (1), hybridized to E. coli DNA (data not shown).
The negative result with the rest of the M13 molecule also
shows that the E. coli strains examined do not have any
endogenous M13 which could account for the fingerprint
pattern we observed.

Hybridization of M13 to natural and clinical strains of E.
coli. The minor variation among the eight laboratory-derived
strains detected with the whole M13 molecule and the
oligonucleotide as probes prompted us to examine strains of
E. coli which might be more divergent in origin. Since the
eight laboratory strains have all been derived from related
populations in the past 50 years, we examined DNA from a
large collection of reference strains cataloged by Ochman
and Selander (11) from natural E. coli populations. These 72
reference strains were isolated from a variety of sources
(human, dog, orangutan, giraffe, sheep, etc.) and from
various geographical locations (the United States, Europe,
New Guinea, Bali, etc.). The strains have been character-
ized by multilocus enzyme profiles and clearly represent a
large range of genotypic variation.
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FIG. 2. Hybridization of the M13 molecule to 15 mg of PstI-
digested DNA isolated from natural strains of E. coli. The first 12
lanes represent natural strains from the catalog of Ochman and
Selander (11), and the last 2 lanes represent two laboratory strains,
LE392 (A) and XL1 (B). kb, Kilobases.

Figure 2 shows PstI-digested DNA from 12 of the natural
strains and 2 of the laboratory strains probed with radiola-
beled M13. In contrast to the laboratory strains represented
in Fig. 1, the natural strains showed extensive variation in
hybridization patterns. These differences allow each strain
to be distinguished on the basis of its M13 hybridization
profile. Under these hybridization conditions more than 20
bands were present in each lane (Fig. 2), ranging in size from
less than 1 to more than 20 kilobases. Pairwise comparison
allowed all strains to be classified relative to each other. As
an index of the variation detected by the M13 fingerprint
pattern, differences based on the presence or absence of
bands were scored. An example of such an analysis for 13 of
the 72 natural E. coli strains is shown in Table 1. In these

TABLE 1. Analysis of variation among 13 natural E. coli strains
in patterns observed when probing PstI-digested DNA

with the M13 moleculea

Strain No. of differences between pairs for strain no.:
no. 2 3 7 17 22 29 38 41 42 47 49 54 58

2 18 15 24 12 25 25 20 22 19 25 31 27
3 15 23 22 27 17 21 21 25 15 22 22
7 20 15 22 18 24 18 15 17 23 14
17 13 22 19 22 16 21 18 16 22
22 18 18 24 20 17 12 18 15
29 20 17 14 19 11 15 17
38 7 14 16 9 17 19
41 22 19 16 19 18
42 21 22 20 19
47 20 18 20
49 16 13
54 0
58

' Pairwise comparisons were made for all possible pairs among the 13
strains (collected by Ochman and Selander [111). A difference was scored each
time a band appeared in one strain that did not appear in the other of the pair.
The total number of differences noted for each pairwise comparison appears
in the appropriate cell of the table.

Kb

FIG. 3. Hybridization of the M13 molecule to 15 mg of Pstl-
digested DNA from natural E. coli strains at increased hybridization
stringency. DNA from the strains represented in Fig. 2 was hybrid-
ized at 30% formamide instead of 20%; otherwise all conditions were
identical to those used for the experiment represented in Fig. 2.
Strain numbers are listed above each lane, with the last two lanes
representing laboratory strains LE392 (A) and XL1 (B). kb, Kilo-
bases.

natural strains, differences between pairs ranged from 7 to 27
bands.
When the natural strains were probed with radiolabeled

M13 under more stringent conditions (30% instead of 20%
formamide), most of the fainter bands were lost (Fig. 3). In
almost all the strains at least one very intense band and
several fainter bands remained. All the strains could again be
distinguished on the basis of their hybridization profiles, but
under these conditions there was much less information
present for the determination of differences.
We also analyzed a number of E. coli strains obtained

from bacteremic patients at a large hospital. The amount of
variation among these strains was between that observed in
the natural strains and that seen in the laboratory strains
(Fig. 4). All 12 strains represented in Fig. 4 are distinguish-
able by the presence or absence of at least one band in any
pair. For example, by using the eight bands marked A
through H in Fig. 4, the 12 strains can all be distinguished
from one another. In the clinical strains, the number of
bands that differed between pairs ranged from 2 to 9,
compared with the 7- to 27-band difference seen in the
natural strains. These clinical isolates all had identical elec-
tromorphic mobility profiles, as determined with 12 enzymes
encoded at separate chromosomal locations on the E. coli
genome (12). Thus, the ability to distinguish them on the
basis of a simple DNA hybridization test would prove useful
in a clinical setting.

DISCUSSION

Use of the tandem repeat sequence found in the coat
protein gene of bacteriophage M13 as a hybridization probe
in E. coli allows the detection of considerable strain varia-
tion in both natural and clinical strains. Detection of this
variation provides a rapid means for confirming bacterial
strain identity and should prove useful for observing evolu-
tionary divergence in clinical and natural bacterial popula-
tions. Our pairwise comparisons showed the laboratory
strains differing by 0 to 1 bands, the clinical strains differing
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FIG. 4. Hybridization of the M13 molecule to
digested DNA from 12 clinical strains of E. coli. Bar
strains can be distinguished from one another are lat
Kilobases.

by 2 to 9 bands, and the natural strains diffei
bands. Thus, closely related E. coli strain
M13-related bands and show fewer difference
comparison like that in Table 1.
These findings raise questions as to whE

sequence or sequences detected are and v

functions they have. We suspect that the finge
generated by M13 are the result of sequej
throughout the E. coli genome which exhibit 1

due to variable numbers of a tandem rep(

homology to the 15-base-pair M13 repeat unit
phisms are probably due to length variation
with PstI, we have detected the same vari

restriction enzymes Hinfl, AvaII, BglII, Bar
dIII (data not shown).

It may be asked why no one else has
fingerprint patterns described here. We be
success of our approach is due in part to the
conditions-both the low-formamide and
washes after hybridization-and, more impc
use of hybridization and prehybridization coc
ing milk proteins instead of sheared DNA as I
blocking reagent. Hybridization cocktails cc

will block any signal of a ubiquitous, repetitiv
probe DNA and cannot be used to detect the
We conducted a search of sequences from

GENBANK data base for homology with th
repeat. Sequences were found which exhibil
mology, including those in the birA gene, whic
matches with the 15-base-pair consensus seq

rgnB gene, which had 10 direct matches.
homology found in our search occurred mos

coding regions (both the birA and rgnB ho
outside the reading frame); however, sever

within the coding region. Since the M13 repe

coding region of the gene III coat protein,
coding regions is not a universal characte
sequences. None of the sequences identified i
having homology with the M13 repeat were

obvious repeated arrays.

A large degree of homology with the lambda chi site was
observed, as shown below:

chi - G C T G G T G G

M13 15-mer - GAG CG T G GC G G T T C T
weRw ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~I

G C T G G T G G - chi
AW This seemed very interesting because chi is a known site

for recombination in lambda (9), and the large amount of
variation observed across the E. coli $trains could be due to
recombination events. An oligonucleotide probe was con-
structed consisting of three copies of the 8-base-pair chi
sequence. However, tinder our least-stringent hybridization
conditions (20% formamide), this oligonucleotide did not

* * detect a polymorphic pattern and showed only a few yery
faint and constant bands across a number of the natural E.
coli strains (data not shown). We are therefore certain that
the M13 fingerprint pattern is not caused by hybridization to
endogenous chi sequences in E. coli. The REP sequence

, 15 mg of PstI- described by Stern et al. (15) is thought to be a dispersed,
nds by which the sometimes tandemly repeated sequence'; however, we failed
,eled A to I. kb, to detect homology between REP and the M13 tandem

repeat in the GENI3ANK computer search; and we believe
that REP and the M13-related sequences are not related. No
homology was detected to any known insertion elemepts or

ring by 7 to 27 ,rin lmpsotr,ansposons found in the GENBANK. d4t base, but the
Xs share more sequence Which the M13 repeat detec't might function in a
s5 in a pairwise related manner, which would also account for the large

variability seen across strains. The minisatellite probes
at the devloedwhihiavahspecific developed by A. J. Jeffreys, which have been extensively
vhat biological used in humans as well as in dogs, cats, birds, and mice, was
rprint patterns also tested in our study for homology to sequences present in
nces scattered the E. coli genome. We did not detect any signal when using
ength variation the Jeffreys 6.3 minisatellite probe in E. coli DNA (unpub-
eat which has lished results).

The polymQr- We have limited our work to'strains of E. coli. However,
because, along other bacteria may have similar.polymorphic sequences, in
tation with the which case M13 profiles could be of use in classifying these
nHI, and Hinfl- strains. Indeed, B. subtilis also contains sequences homolo-
odthe gous to the M13 repeat (unpublished results). Sequences

obsr e homologotis to the M13 repeat. have been observed in
lieve that the organisms ranging from humans to E. coli (13). While the
hybridgzation biological function of this ubiquitous sequence remains to be

low-stringency elucidated, it may prove extremely interesting if the wide-
irtantly, to the spread distribution of the sequence is an indication of its
:ktails contain-
the nonspeclfic
rntaining DNA
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